Objective-Focal adhesions (FAs) link the cytoskeleton to the extracellular matrix and as such play important roles in growth, migration, and contractile properties of vascular smooth muscle cells. Recently, it has been shown that downregulation of Nox4, a transforming growth factor (TGF) β-inducible, hydrogen peroxide (H 2 O 2 )-producing enzyme, affects the number of FAs. However, the effectors downstream of Nox4 that mediate FA regulation are unknown. The FA resident protein H 2 O 2 -inducible clone (Hic)-5 is H 2 O 2 and TGFβ inducible, and a binding partner of the heat shock protein (Hsp) 27. The objective of this study was to elucidate the mechanism, by which Hic-5 and Hsp27 participate in TGFβ-induced, Nox4-mediated vascular smooth muscle cell adhesion and migration. Approach and Results-Through a combination of molecular biology and biochemistry techniques, we found that TGFβ, by a Nox4-dependent mechanism, induces the expression and interaction of Hic-5 and Hsp27, which is essential for Hic-5 localization to FAs. Importantly, we found that Hic-5 expression is required for the TGFβ-mediated increase in FA number, adhesive forces and migration. Mechanistically, Nox4 downregulation impedes Smad (small body size and mothers against decapentaplegic) signaling by TGFβ, and Hsp27 and Hic-5 upregulation by TGFβ is blocked in small body size and mothers against decapentaplegic 4-deficient cells. Conclusions-Hic-5 and Hsp27 are effectors of Nox4 required for TGFβ-stimulated FA formation, adhesion strength and migration in vascular smooth muscle cell. The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/This work unveils downstream effectors of Nox4, a protein that is known to play an essential role in smooth muscle biology and differentiation by still unknown mechanisms. In addition, our data indicate a novel role for Hic-5 as a key mediator of TGFβ-induced vascular smooth muscle cell adhesion, which not only impairs cell migration but also is likely to affect vascular wall mechanical properties.
N ox proteins are the catalytic subunits of a family of nicotinamide adenine dinucleotide phosphate oxidases. 1 Nox homologs are primary sources of reactive oxygen species in vascular tissues that participate in numerous physiological and pathophysiological processes. 1 In particular, in vascular smooth muscle cells (VSMCs) from rodent conductance arteries, 2 of these homologs are expressed: Nox1 and Nox4. 2 Nox4 localizes to focal adhesions (FAs), stress fibers, and the nucleus 3 and is upregulated by transforming growth factor (TGF) β. Its hydrogen peroxide (H 2 O 2 )-producing activity is both causal for, and a consequence of, small body size and mothers against decapentaplegic (Smad)-dependent pathways. 4, 5 Importantly, Nox4 has profound effects on the VSMC cytoskeleton and FAs. In fact, Nox4 is required for the expression of VSMC contractile apparatus proteins 6 and is essential for FA formation. 7 However, the downstream effectors responsible for the regulation of cytoskeleton dynamics by Nox4, especially those that regulate synthesis and degradation of FA-related proteins, have yet to be identified.
FAs are specialized sites through which the cytoskeleton connects to the extracellular matrix. They are highly organized dynamic structures with rich signaling machinery capable of executing decisions about the cellular responses to a variety of stimuli. For instance, in VSMCs, FA turnover regulates migratory 8 and biomechanical 9 properties and thus is likely to affect vascular diseases. The components of FAs are diverse and include signaling proteins, as well as scaffolding molecules such as Paxillin 10 and the H 2 O 2 -inducible clone (Hic)-5 11 that interact with Vinculin in a Rho GTPase-regulated manner. 12 Hic-5, first identified as an H 2 O 2 and TGFβ-inducible gene, 13 is now recognized as a member of the Paxillin family of proteins and functions as an adapter in FAs. 11 In VSMCs, Hic-5 expression has been functionally implicated in the regulation of migration and injury-induced neointima formation 14 and in the cellular responses to uni-axial stretch. 15, 16 The heat shock protein (Hsp) 27 is a chaperone protein that confers cellular tolerance to a variety of stresses including heat and oxidative stress 17 and its expression is increased by H 2 O 2 . 18 Importantly, Hsp27 interacts with the actin cytoskeleton and has been shown to participate in the stabilization of FAs in response to heat shock stress. 19 Interestingly, it has also been identified as a Hic-5-binding protein. 20 In this study, we hypothesized that Hic-5 and Hsp27 are downstream effectors of Nox4 that are required for proper FA assembly in VSMCs. We found that TGFβ induces the expression of both Hic-5 and Hsp27 via a Nox4-and Smaddependent mechanism, Hsp27 helps Hic-5 translocate to the FA, and Hic-5 expression is absolutely required for TGFβinduced, Nox4-mediated FA formation.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results
We have previously shown that downregulation of Nox4 or its activator Poldip2 significantly reduces the number of FAs in VSMCs. 7 We first confirmed that, as previously reported for other cell types, [14] [15] [16] 21, 22 Hic-5 localizes to FAs in VSMCs. Using an in situ proximity ligation assay, we found that in human aortic smooth muscle cells (HASMCs) Hic-5 colocalizes with Vinculin and p-FAK, as shown by the characteristic punctate staining indicative of protein interaction ( Figure 1A and 1B, respectively). Hic-5 localization to FAs was increased more than 2× in the presence of TGFβ, a well-established Nox4 agonist 5,23 and a positive regulator of FAs in VSMCs. 24 Because Hic-5 is a FA localized protein and previous reports showed that Nox4 also localizes to the FA, we evaluated if Hic-5 colocalizes with Nox4. Indeed, we found that both the proteins colocalize in FA in an association that is increased after TGFβ treatment ( Figure 1C ). For these studies, we used a custom made antibody against Nox4 (characterized in Figure IA in the online-only Data Supplement).
Nox4 is activated by TGFβ to produce H 2 O 2 . 5 Because Hic-5 was first identified as a H 2 O 2 -inducible clone also activated by TGFβ treatment, 13 we hypothesized that TGFβ mediates upregulation of Hic-5 and that this mechanism may require H 2 O 2 produced by Nox4. Indeed, TGFβ significantly increases Hic-5 expression in HASMCs as early as 6 hours after the treatment and Hic-5 stays elevated during a period of 24 hours ( Figure 1D ). Importantly, transfection of HASMCs with siNox4 (which successfully downregulates Nox4 mRNA and protein without affecting Nox1 protein levels; Figure IA -IC in the online-only Data Supplement, respectively) abolished TGFβ-induced Hic-5 protein expression ( Figure 1E ). This effect seems to be specific for Nox4 because Nox1 deficiency had no effect on the ability of TGFβ to upregulate Hic-5 expression ( Figure ID in the online-only Data Supplement). To determine if this effect occurs at the mRNA level, we used reverse transcription quantitative polymerase chain reaction. We found that TGFβ significantly increased Hic-5 mRNA, and that this increase is completely abolished when Nox4 is downregulated ( Figure 1F ). The regulation of Hic-5 by the TGFβ/Nox4 pathway is specific because neither Nox4 nor TGFβ had any effect on the expression of the close homolog Paxillin at the mRNA or protein level ( Figure IIA and IIB in the online-only Data Supplement). Moreover, this effect is likely to be mediated by H 2 O 2 derived from Nox4 because the upregulation of Hic-5 induced by TGFβ was also blocked by pretreatment with the antioxidant N-acetyl cysteine ( Figure 1G ), and more importantly, exogenously added H 2 O 2 (to a final concentration if 50 μmol/L) was able to partially recover TGFβ-induced Hic-5 expression in Nox4deficient cells ( Figure 1H ). Finally, it is important to note that downregulation of Hic-5 had no effect on Nox4 expression ( Figure IB in the online-only Data Supplement).
TGFβ superfamily ligands bind to a TGF type II receptor, which recruits and phosphorylates a TGF type I receptor. 25 The type I receptor then phosphorylates Smads2/3, which bind to Smad4 25 ; subsequently, the complex is translocated to the nucleus to regulate gene expression. 25 Given that Figure 1 clearly shows that Nox4 is required for Hic-5 expression, we sought to determine if the Smad pathway is required for TGFβ-induced upregulation of Hic-5 in HASMCs. Our results (Figure 2A and 2B) show that Hic-5 mRNA and protein upregulation was significantly blunted in Smad-deficient cells. Moreover, downregulation of Nox4 significantly inhibited TGFβ-induced Smad2 phosphorylation ( Figure 2C ), suggesting that Smad pathways are downstream of Nox4 in Hic-5 mRNA regulation. This is likely to be a direct effect of Nox4derived H 2 O 2 because Smad2/3 can be phosphorylated by exogenously added H 2 O 2 ( Figure IIIA in the online-only Data Supplement), but the absence of Nox1 does not impair the ability of TGFβ to induce Smad phosphorylation in HASMCs ( Figure IIIB in the online-only Data Supplement). Together, these data demonstrate that TGFβ induces Hic-5 mRNA expression by a Nox4-and Smad-dependent mechanism.
In addition to mRNA regulation, TGFβ may control the subcellular localization of Hic-5. In this regard, more than a decade ago, Jia et al 20 identified Hic-5 as an Hsp27-binding protein using 2-hybrid screening. Because Hsp27 is a chaperone protein known to modulate FAs, we hypothesized that Hsp27 may participate in the TGFβ/Smad/Nox4 pathway by increasing Hic-5 protein stabilization and aiding its localization to FAs. Because HASMCs have a low basal expression of Hsp27, we first evaluated the ability of TGFβ to induce Hsp27 expression. As shown in Figure 3A , TGFβ was not only capable of significantly inducing Hsp27 expression, but also it did so in a Nox4-dependent manner that requires H 2 O 2 production, as shown by the ability of siNox4 and N-acetyl cysteine to inhibit the Hsp27 upregulation by TGFβ ( Figure 3A and 3B). Similar to what we found for Hic-5, TGFβ-induced Hsp27 expression was not affected by the absence of Nox1 ( Figure IV in the online-only Data Supplement). Together, these results prompted us to evaluate the Smad-dependence of Hsp27 expression, and we observed that siRNA against Smad4 completely blocked the increase in Hsp27 observed after TGFβ treatment ( Figure 3C ). These data indicate that, similar to Hic-5, Hsp27 is upregulated in HASMCs after TGFβ treatment by a Nox4-dependent mechanism that requires Smad pathways. As a chaperone protein, Hsp27 is likely to affect Hic-5 in 2 possible ways: increasing its protein stability or affecting its subcellular localization. In agreement with previous reports, 20, 26 we found that Hic-5 and Hsp27 physically interact after TGFβ treatment as they coimmunoprecipitate ( Figure 4A ). However, their interaction has no consequence on Hic-5 protein stability or expression because downregulation of Hsp27 does not affect Hic-5 mRNA or protein levels ( Figure VA and VB in the online-only Data Supplement, respectively). Significantly, we found that Hsp27 was required for proper localization of Hic-5 to FAs after TGFβ treatment ( Figure 4B ). Interestingly, this effect seems to be specific for Hic-5 because the other closely related member of the family, Paxillin, localizes to FAs even in Hsp27-deficient cells ( Figure 4B ).
Our results demonstrate that Hic-5 is regulated by a Nox4dependent mechanism and that association with Hsp27 is required for its proper localization to the FAs. Once we established the upstream signaling pathway that regulates Hic-5, we focused on examining the downstream consequence of Hic-5 expression on FA formation and cell adhesion in HASMC. We found that, as measured by Vinculin staining, downregulation of Hic-5 resulted in significantly reduced numbers of FAs ( Figure 5A and 5B) , resembling the loss of FAs observed when either Nox4 7 or Hsp27 is downregulated ( Figure 4B ). This effect was more evident when the cells were stimulated with TGFβ, and was not due to Hic-5-mediated downregulation of Vinculin expression ( Figure VI in the online-only Data Supplement).
Finally, we investigated the physiological relevance of this pathway. We reasoned that the role of this pathway to modulate FA composition and size may affect the ability of the cell to engage extracellular matrix components, and accordingly, it is likely to affect cell adhesion and as a consequence of impaired adhesion, cell migration.
To evaluate the role of Hic-5 in the regulation of TGFβmediated HASMC adhesion strength, we measured the force required to detach the cell from the extracellular matrix, which correlates with FA function, number, and size. 27 To measure cell adhesion strength, we used the spinning disk system, which exposes an adherent cell population to a range of hydrodynamic shear forces that increase linearly with radial distance from the disk center. Subsequently, the number of adherent cells was counted at different radial positions, corresponding to known shear stress values. The adherent cell fraction decreases nonlinearly with respect to fluid shear stress, and cell adhesion Figure 2 . Hydrogen peroxide-inducible clone (Hic)-5 upregulation after transforming growth factor (TGF)β treatment is mediated by Nox4/small body size and mothers against decapentaplegic (Smad)-dependent pathways. HASMCs were transfected with siNeg or siSmad4. After 2 days of serum starvation, cells were treated with TGFβ (2 ng/mL) for 24 hours. A, Hic-5 mRNA was measured by reverse transcription quantitative polymerase chain reaction using HPRT-1 (hypoxanthine phosphoribosyltransferase) as a housekeeping gene and (B) Hic-5 protein was detected by Western blot using a specific antibody. C, HASMCs were transfected with siNeg or siNox4. After 2 days of serum starvation, cells were treated with TGFβ (2 ng/mL) for 1 hour and subjected to western analysis for p-Smad2, total Smad2, and Nox4. CDK4 was used as a loading control. Bars represent the average of 4 independent experiments±SEM. May 2015 strength is defined as the fluid shear stress that produces 50% cell detachment. We observed that TGFβ treatment for 24 hours significantly increases HASMC adhesion strength, and that this effect is abrogated by Hic-5 downregulation ( Figure 6A and 6B). Cell adhesion, together with motor-clutch-mediated force transmission, is necessary to generate traction that moves the cell forward during cell motility. 26 Therefore, we evaluated if Hic-5-deficient cells exhibit impaired cell migration. Indeed, cells where Hic-5 has been downregulated using siRNA display significantly lower motility toward a chemoattractant stimulus than control cells ( Figure 6C ), similar to results previously obtained with knockdown of Nox4. 7
Discussion
Our previous work showed that Nox4 is a critical component of FAs. 3, 7 Indeed, not only is Nox4 an FA-resident protein 3 but also its absence significantly reduces the number of FAs in the cell. 7 However, and despite the striking nature of this effect, little is known about the means by which Nox4 affects FA. In this work, we identify 2 important downstream effectors of Nox4, such as Hic-5 and the chaperone protein Hsp27. We describe a mechanism by which Nox4 increases Hsp27 and Hic-5 expression and promotes their physical interaction, which is necessary for the proper localization of Hic-5 to FA, especially after TGFβ treatment ( Figure 6C ). Most importantly, the localization of Hic-5 to the FAs is functionally relevant because it mediates the TGFβ-induced increase in adhesion strength (Figure 6A and 6B) and cell migration ( Figure 6C ).
Manipulation of Nox4 and Hsp27 had no effect on Paxillin expression ( Figure IIA and IIB in the online-only Data Supplement) or localization ( Figure 4B ). Because Paxillin and Hic-5, both members of the Paxillin family of proteins, share highly conserved structural domains and exhibit extensive cross-talk and synergy, 12 it is particularly interesting that the TGFβ/Nox4 pathway uses Hic-5 to strengthen FAs. This specificity seems to lie in 2 factors: the ability of the TGFβ/ Nox4 pathway to induce Hic-5 expression ( Figures 1D-1H ) and the unique association of Hic-5 with Hsp27 ( Figure 4A ). 20 The fact that Hic-5 is positively regulated by a Nox4dependent mechanism is not surprising considering that Hic-5 has been identified as a marker for smooth muscle contractile phenotype 28 and that differentiation in this cell type is a Nox4dependent process. 6 However, it was recently reported that in a lung myofibroblast cell line, Hic-5 functions as a negative regulator of myofibroblast differentiation by promoting Nox4 degradation, 29 raising the interesting possibility that the role of Hic-5 is cell type dependent.
Furthermore, our data clearly indicate that it is Nox4-derived H 2 O 2 that is responsible for the TGFβ-mediated increased of Hic-5 expression. The ability of exogenous H 2 O 2 to reverse the effect of the siNox4 ( Figure 1H ) demonstrates that Nox4produced H 2 O 2 participates in the signaling pathways initiated by TGFβ in VSMC. This conclusion agrees with previous reports showing that in VSMCs, TGFβ induces Nox4-derived H 2 O 2 starting 4 hours after treatment and continues during a period of 24 hours. 5 Although the specific targets of H 2 O 2 are unclear, we speculate that inactivation of Smad phosphatases is 1 probable possibility. Furthermore, even though the colocalization of Hic-5 and Nox4 is suggestive of a role for Nox4 in the FA, the local production of H 2 O 2 is unlikely to participate in the Smadmediated transcriptional mechanism described in this work and additional studies are required to test a possible role of local reactive oxygen species production in FA or adhesive forces. The lack of suitable commercial Nox4 antibodies has been a limiting factor for the field of Nox biology. In this study, we used a custom made antibody (kindly provided by Dr David Lambeth) originally characterized in the supplemental material of Hilenski et al. 3 This study was performed with the last remaining vial of the antibody, which is unfortunately no longer available. However, the additional experiments shown in Figure IA With regard to Hsp27/Hic-5 complex formation, it has been determined that the entire αB-crystallin domain in the C-terminal region of Hsp27 and the fourth LIM domain of Hic-5 are both necessary and sufficient for their interaction. 20 Because Hic-5 and Paxillin share significant homology in that region, the specific structural determinant that facilitates Hic-5-specific interaction of Hsp27 remains to be identified.
Regarding the regulation of Hic-5, our data suggest that this occurs mainly at the mRNA level and requires both Figure 6 . Hydrogen peroxide-inducible clone (Hic)-5 mediates transforming growth factor (TGF) β-induced cell adhesion strength and platelet-derived growth factor (PDGF)-induced migration in HASMCs. Immediately after siRNA electroporation, HASMCs were seeded onto fibronectin-coated glass coverslips. One day postseeding, the cells were serum-starved for 48 hours, stimulated with 2 ng/mL of TGFβ for 24 hours, and spun inside the spinning disk device to quantify adhesion strength, which is defined as the shear stress at which 50% of cell detachment occurs. Representative adhesion profiles for each of the each condition (A) and bar graph is the average of n=7 to 10 (B). C, Hic-5-deficient cells have impaired cells migration. After transfections, HASMCs were starved for 48 hours, trypsinized, and reseeded in a collagen-coated transwell insert. After stimulation for 3 hours with PDGF (10 ng/mL), the cells migrating through the membrane were stained with 4′,6-diamidino-2-phenylindole and counted. The graph represents mean±SEM of migrated cells per field from 3 independent experiments. *P<0.01.
Nox4-produced reactive oxygen species (Figure 1) and Smads (Figure 2A and 2B ). The fact that N-acetyl cysteine completely reverses TGFβ-induced Hic-5 expression ( Figure 1G ) supports the idea that Hic-5 expression is downstream of Nox4induced Smad activation ( Figure 2C) . It is also possible that Smad activation may be necessary, but not sufficient, to drive Hic-5 expression. It was recently demonstrated that the serum response factor is essential for TGFβ-mediated induction of Hic-5 expression in VSMC. 28 Our own and other studies have linked serum response factor expression to TGFβ-induced H 2 O 2 5,30 and directly to Nox4-derived H 2 O 2 . 6, 8 On the basis of these observations, it is possible that the activation of serum response factor by a Nox4-produced H 2 O 2 -mediated pathway may also contribute to Hic-5 upregulation after TGFβ treatment.
The small GTPase RhoA seems to be required for the cytoskeletal effects of Nox4. In fact, a constitutively active form of RhoA rescues the loss of FAs induced by Poldip2/Nox4 deficiency. 7 It is noteworthy that inhibition of Hic-5 reduces RhoA activation in TGFβ-stimulated epithelial cells 31 and that overexpression of Hic-5 in these cells leads to increased formation of stress fibers in a Rho kinase-dependent manner. These observations thus raise the possibility that Hic-5 might modulate Nox4-mediated Rho activity, perhaps in a scaffolding capacity. Independently of the mechanism, the presence of Hic-5 in the FA has profound effects on the function of FAs because the knockdown of this protein was sufficient to completely abrogate the increase in adhesion strength generated by TGFβ treatment in HASMC ( Figure 6A and 6B) , which exactly resembles the reduction in the number of FAs observed when Hic-5 is downregulated ( Figure 5A and 5B).
After vascular injury or during advanced stages of atherosclerosis, medial VSMCs proliferate and then migrate into the intimal layer. 32 The process of VSMC migration involves a series of well-orchestrated steps where reactive oxygen species play a central role. 8 Indeed, we and others have demonstrated that migration of VSMC is blocked in vivo and in vitro by antioxidants or after reducing the expression of Nox-based enzymatic complexes. [33] [34] [35] [36] Our data further support this notion and offer new targets for H 2 O 2 -mediated signaling pathways during migration ( Figure 6C ).
In summary, we have shown that Hic-5 is a novel effector of Nox4 that is upregulated in VSMCs after TGFβ treatment by a Smad-dependent mechanism that requires H 2 O 2 produced by Nox4. In addition, we found that the correct subcellular localization of Hic-5 within FAs requires the chaperone protein Hsp27, also a target of Nox4-mediated gene transcription. Our results provide a molecular explanation for the striking effects of Nox4 on FA dynamics and identify 2 important mediators that act jointly. This pathway seems to be active not only in smooth muscle cells derived from humans but also from rat ( Figure 1C ) and mouse (Figures I, III, and IV in the online-only Data Supplement). These findings shed light on the redoxsensitive pathways that lead to cell attachment and may be potentially important in understanding those functions of VSMCs associated with actin reorganization, such as migration and contractility.
